Atherosclerosis is a major risk factor for cardiovascular disease (CVD) and stroke. Galectin-3 is a carbohydratebinding lectin implicated in the pathophysiology of CVD and is highly expressed within atherosclerotic lesions in mice and humans. The object of this present study was to use genetic deletion and pharmacological inhibition in a well-characterized mouse model of atherosclerosis to determine the role of galectin-3 in plaque development. Apolipoprotein-E/galectin-3 knockout mice were generated and fed a high-cholesterol "western" diet. Galectin-3 deletion had no consistent effect on the serum lipid profile but halved atherosclerotic lesion formation in the thoracic aorta (57% reduction), the aortic arch (50% reduction) and the brachiocephalic arteries. The aortic plaques were smaller, with reduced lipid core and less collagen. In apolipoprotein E-deficient (ApoE −/− ) mice, there was a switch from high inducible nitric oxide expression in early lesions (6 weeks) to arginase-1 expression in later lesions (20 weeks), which was reversed in ApoE −/− /gal-3 −/− mice. Administration of modified citrus pectin, an inhibitor of galectin-3, during the latter stage of the disease reduced plaque volume. We conclude that inhibiting galectin-3 causes decreased atherosclerosis. Strategies to inhibit galectin-3 function may reduce plaque progression and potentially represent a novel therapeutic strategy in the treatment of atherosclerotic disease.
Introduction
Atherosclerosis is a major cause of cardiovascular disease (CVD) and stroke. In the United States it has been estimated that there are 2000 deaths from CVD every day, more every year than from cancer, respiratory disease and accidents combined (Roger et al. 2011) . Atherosclerosis is recognized as being a chronic inflammatory disease (Hansson et al. 2006) . Macrophages recruited to the vascular intima engulf lipoprotein particles, such as modified low-density lipoprotein (LDL) cholesterol and differentiate into foam cells, which orchestrate lesion development by promoting inflammation, smooth muscle cell proliferation and extracellular matrix deposition.
Galectin-3, also known as Mac-2 antigen, is a 26 kDa β-galactoside-binding protein that participates in a variety of biological processes, including phagocytosis (Dumic et al. 2006) , cell growth and proliferation (Dong and Hughes 1997) , adhesion (Nakahara et al. 2005 ) and apoptosis (Maeda et al. 2004) . It is highly expressed by macrophages, is upregulated in chronic inflammatory conditions and plays a fundamental role in macrophage activation and function (Arar et al. 1998; Nachtigal et al. 1998; Henderson et al. 2006; MacKinnon et al. 2008) . We have previously shown that mice deficient in galectin-3 have a specific defect in alternative (M2) macrophage activation and exhibit "scarless" repair despite chronic insult in several organ systems (Henderson et al. 2006; MacKinnon et al. 2008 ).
Galectin-3 has an important role in the development of CVD. It has been implicated in cardiac fibrosis and remodeling, is increased in models of heart failure (Sharma et al. 2004 ) and has prognostic value in heart failure patients (Ho et al. 2012) and is a predictor of response to statin therapy in heart failure (Gullestad et al. 2012 ). Furthermore, a high circulating galectin-3 level predicts major adverse clinical outcomes following acute myocardial infarction (Tsai et al. 2012) . In a study of 7968 patients aimed to correlate circulating galectin-3 with cardiovascular risk factors showed that galectin-3 predicts all-cause mortality in the general population (de Boer et al. 2012) .
Galectin-3 is highly expressed in macrophages within human atherosclerotic plaques and in murine models of atheroma (Arar et al. 1998; Nachtigal et al. 1998) . In the present study, we investigate the role of galectin-3 in a wellcharacterized murine model of atherosclerosis; highcholesterol feeding in apolipoprotein E-deficient (ApoE −/− ) C57/B6 mice. We show that mice deficient in galectin-3 show reduced plaque volume and reduced M2 activation of plaque macrophages. Moreover, we show that modified citrus pectin, an orally active inhibitor of galectin-3, reduces plaque volume in ApoE −/− mice. We conclude that inhibiting galectin-3 reduces atherosclerosis.
Results

Lesion quantification
Wild-type C57/Bl6 mice and galectin-3 −/− (gal-3
) mice showed no atherosclerotic lesion development in the aorta or at the bifurcations either following prolonged (>50 weeks) normal chow feeding or after 20 weeks' high-cholesterol feeding. In ApoE −/− mice, atherosclerotic lesions were observed at the bifurcations of the brachiocephalic artery (BA) and at the origins of the left carotid and left subclavian arteries as early as 6 weeks after the start of high-cholesterol feeding with gross changes evident by 12 weeks ( Figure 1A ). Gross analysis suggested that ApoE −/− /gal-3 −/− mice had less atherosclerotic lesion formation than ApoE −/− animals ( Figure 1A ). The absence of galectin-3 resulted in reduced plaque burden in the descending aorta ( Figure 1B and C): At 12 weeks, plaque burden (as a percentage of the surface area of the thoracic aorta) was 28 ± 5% in ApoE −/− compared with 12 ± 3% in ApoE −/− /gal-3 −/− animals, a reduction of 57% (n = 8, P < 0.01, Figure 1C ).
Atherosclerotic lesions in the aortic arch were assessed by optical projection tomography (OPT) using our previously validated protocol (Kirkby et al. 2011) , which gives a 3-dimensional evaluation of lesion volume in the aortic arch at the origins of the BA and the left carotid and left subclavian arteries. In ApoE −/− /galectin-3 +/+ mice, lesions comprised 12 ± 4.1% of the total lumen volume after 6 weeks on western diet, increasing to 16.5 ± 5.2% after 12 weeks and 57 ± 13% after 20 weeks (Figure 2 ; n = 8, P < 0.05). In ApoE
mice, plaque volume was less than that in ApoE −/− mice at all time points tested (8.2 ± 3.1, 9.4 ± 3.2 and 39 ± 11.4% of the total lumen volume at 6, 12 and 20 weeks, respectively; n = 8, P < 0.05) (Figure 2 ). Overall, this combined comprehensive analysis indicated that there was 50% reduction of plaque volume in ApoE
Plaque structure and composition Atherosclerotic plaques were not found in the brachiocephalic arteries from mice without the ApoE deletion. Fatty streaks (FS), the initial stage of plaque formation, were observed at 6 weeks in ApoE −/− mice fed western diet, whereas this was negligible in ApoE −/− /gal-3 −/− mice at this time point (Figure 3 ). Lesions became larger and more complex after 12 and 20 weeks with the lesion causing almost complete occlusion of the vessel lumen at 20 weeks ( Figure 3 ). In comparison, the plaques in the brachiocephalic arteries of ApoE −/− /gal-3 −/− mice were significantly smaller (10.5 ± 4.2 vs 32 ± 10.1% at 12 weeks, P < 0.05; 40.4 ± 10.2 vs 81.4 ± 19.1% at 20 weeks, P < 0.05; Figure 3 ).
Histological examination of sections of the BA showed dense collagen staining within the plaques of ApoE −/− mice that increased with duration of cholesterol feeding (Figure 4) . , n = 6).
Inhibition of galectin-3 reduces atherosclerosis
The brachiocephalic plaques from ApoE −/− /gal-3 −/− mice had reduced plaque collagen ( Figure 4C ) and a smaller lipid core ( Figure 4D ), expressed as a percentage of the total plaque area. Furthermore, there was no evidence for fibrous cap discontinuity or intra-plaque hemorrhage.
Serum lipid profile and bodyweight
Gal-3
−/− and WT C57/Bl6 mice showed no difference in body weight when fed normal diet but there was a significant reduction in bodyweight in gal-3 −/− mice fed a high-cholesterol diet ( Figure 5 ). In ApoE −/− mice galectin-3 deletion reduced bodyweight in mice fed normal or high-cholesterol diet. Galectin-3 deletion did not affect serum cholesterol. Serum cholesterol concentrations were higher in both ApoE −/− strains ( Figure 6A ) and increased further following commencement of highcholesterol feeding. There were no differences in serum cholesterol concentrations between ApoE −/− and ApoE
mice after 6, 12 or 20 weeks ( Figure 6A ). While there was a trend toward a small decrease in serum triglycerides in and ApoE −/− /gal-3 −/− compared with ApoE −/− mice, this was significant only at 6 and 20 weeks (analysis of variance (ANOVA) P < 0.05). There was no consistent difference in serum free fatty acid concentrations between galectin-3 expressing and null strains ( Figure 6B and C).
Macrophage lipoprotein uptake and migration
Bone marrow-derived macrophages (BMDMs) isolated and matured from ApoE −/− and ApoE −/− /gal-3 −/− mice were used to assess fluorescent di-acetylated LDL uptake in vitro, using flow cytometry. There was no difference in uptake of lipid in F4/80-gated macrophages from ApoE −/− /gal-3 −/− compared with ApoE −/− mice after either 4 or 48 h treatment with di-acetylated LDL ( Figure 6D and E). To assess whether galectin-3 is chemotactic for macrophages, migration of the human monocyte cell line THP1 and mouse BMDMs to recombinant galectin-3 was assessed in a Boyden chamber assay. Human cells migrated toward human galectin-3 with 10 μg/mL being as effective as formyl-methionine-leucine-phenylalanine (fMLP). Similarly, mouse BMDMs migrated toward mouse galectin-3 ( Figure 6F ). This suggests that galectin-3 may act as a stimulus for monocyte recruitment during plaque progression.
Arginine metabolism
To assess effects on arginine metabolism, iNOS and arginase-1 expression were measured in the left common carotid artery from mice fed a high-cholesterol diet for 6, 12 and 20 weeks. In ApoE −/− mice, there was a predominance of iNOS in early lesions at 6 weeks. Arginase-1 expression increased at 20 weeks accompanied by reduced iNOS expression ( Figure 7A and B). In contrast, ApoE −/− gal-3 −/− arteries showed greater levels of iNOS expression and a 52% reduction in arginase-1 expression at 20 weeks ( Figure 7A and -B; n = 4 P < 0.05), showing that the predominance of arginase-1 in ApoE −/− mice at 20 weeks was reversed in ApoE −/− gal-3 −/− mice. High arginase-1 expression would suggest that plaque macrophages were polarized to an M2 phenotype. To assess this further, sections of the BA were immunostained for the M2 activation marker chitinase-3-like protein 3 (YM-1) ( Figure 7C ). The number of YM-1-positive Figure 7E ). BMDMs from ApoE −/− and ApoE −/− /gal-3 −/− mice were treated with IL-4, lipopolysaccharide (LPS) or oxidized LDL to assess M1 and M2 activation by nitrite and arginase activity, respectively. M1 activation in response to LPS or oxidized LDL was not different between BMDMs from the two genotypes ( Figure 7F ). In contrast, treatment with IL-4 increased arginase activity in ApoE −/− BMDMs, an effect that was abrogated in ApoE −/− /gal-3 −/− BMDMs (75.1% reduction n = 4, P < 0.01). Furthermore, oxidized LDL produced a 2.3-fold increase in arginase activation that was reduced by 61% in ApoE −/− /gal-3 −/− BMDMs ( Figure 7G ; n = 4, P < 0.05).
Effect of MCP on plaque volume in vivo
Modified citrus pectin (MCP) is a naturally occurring inhibitor of galectin-3 carbohydrate binding (Glinsky and Raz 2009; Kolatsi-Joannou et al. 2011) . To test whether inhibition of galectin-3 in vivo could reduce plaque volume, ApoE −/− mice received western diet for 10 weeks with MCP (1%) in their drinking water for the last 4 weeks. The mice tolerated this regimen well. The descending aorta was examined for disease by oil red-O staining as described in Methods. Administration of MCP produced a 30% reduction in plaque volume in ApoE 
Discussion
In this study, we show that ApoE −/− mice deficient in galectin-3 develop smaller plaques with reduced necrotic core and reduced collagen content. An inhibitor of galectin-3 in vivo reduced plaque volume in ApoE −/− mice. Two previous studies have yielded conflicting results regarding the role of galectin-3 in plaque development. The first study, using C57/Bl6 mice, showed that deletion of galectin-3 increased lesion formation in mice fed a high-fat diet for 8 months (Iacobini et al. 2009 ). However, high-fat feeding in mice without a defect in lipoprotein metabolism (e. g., ApoE −/− or LDLR −/− ) does not cause development of advanced lesions and does not induce the same high levels of serum cholesterol. Therefore, this study could not address the role of galectin-3 on the later, and arguably more relevant, stages of atherosclerosis. The second study showed that in an atherosclerosis-prone model (ApoE −/− but on a mixed 129sv/ C57/Bl6 background), galectin-3 deletion reduced plaque size in older mice (50 weeks) fed a normal diet (Nachtigal et al. 2008) . Differences in strain and/or serum cholesterol could be the main factor responsible for this paradox.
The reduced plaque burden was not due to reduced serum cholesterol as this was not different between genotypes. There was a small reduction in triglycerides in ApoE −/− /gal-3 −/− mice; however, the significance of this finding in relation to plaque burden requires further study. Galectin-3 deletion had no effect on macrophage uptake of modified LDL in vitro, suggesting that differential uptake of lipid is not a major mechanism contributing to the differences we see on plaque progression in vivo. However, we did observe reduced weight gain despite similar fat ingestion in gal-3 −/− mice. At present, the mechanism of this reduced weight gain is unclear but it may be due to a previously described function of galectin-3 to stimulate adipocyte proliferation (Kiwaki et al. 2007 ). Indeed, high levels of circulating galectin-3 have been associated with obesity (Weigert et al. 2010) . The fact that the difference in weight gain was much less apparent when C57Bl/6 mice were fed a normal diet could suggest that high serum cholesterol may provide a stimulus for galectin-3 release which could affect adipocytes indirectly.
Previous studies have shown that early events in atherosclerosis are Th1 dominated, as IL-12 and tumor necrosis factor-α (TNFα) are predominately expressed in early atheromatous lesions (Frostegard et al. 1999; Davenport and Tipping 2003) and deficiency of inducible nitric oxide synthase (iNOS) (Miyoshi et al. 2006) or interferon γ (Vats et al. 2006) shows reduced plaque burden in atherosclerosis-prone mice. However, later stages of atherosclerosis are associated given high-cholesterol diet for 10 weeks and either plain water (control n = 5) or 1% MCP (n = 5) in the drinking water for the last 4 weeks of high-cholesterol feeding. MCP was freshly prepared and replaced every 2 days. Body weight was recorded during the duration of the study. Plaque volume was determined from oil red-O-staining of the descending aorta and is expressed as a percentage of lumen area.
Inhibition of galectin-3 reduces atherosclerosis
with a switch to a Th2-dominant response that is largely antiinflammatory (Zhou et al. 1998; Mallat, Besnard et al. 1999; Mallat, Heymes et al. 1999; Davenport and Tipping 2003) . Our study confirms these findings and demonstrates a switch in arginine metabolizing enzymes during disease progression, with iNOS expressed in early (6 weeks) lesions and arginase-1 expression increased in later (20 weeks) lesions. We suggest that this switch is essential for plaque progression and that a failure or reversal of this switch, as observed in galectin-3-deficient mice, results in reduced plaque burden. This switch in arginine metabolism from iNOS to arginase-1 could be considered profibrotic (Hesse et al. 2001) as arginase-1 up-regulates several genes involved in fibrosis (Liu et al. 2004; Wynn 2004; Fichtner-Feigl et al. 2006 ) such as fibronectin and other matrix proteins (Doucet et al. 1998; Rishikof et al. 2002; Herbert et al. 2004 ) and induces fibroblast proliferation, which would tend to favor fibrous cap formation and plaque stability. However, other studies have shown that specific deletion of arginase-1 in macrophages actually promotes fibrosis, at least in a model of schistosomiasis (Pesce et al. 2009 ). In addition, although it has been suggested that the Th2 cytokine IL-13 improves the stability of established plaques (Cardilo-Reis et al. 2012) , another study showed IL-4 to be proatherogenic (Davenport and Tipping 2003) so the role of macrophage derived arginase-1 in the development of fibrosis is not clear. We have previously shown that galectin-3 −/− macrophages have a specific defect in M2 alternative macrophage activation (MacKinnon et al. 2008) . In our present study, we show that the iNOS-to-arginase-1 switch is reversed in galectin-3 −/− mice. There was significantly reduced iNOS in lesions at 6 weeks and reduced arginase-1 in later lesions at 20 weeks resulting in smaller plaques. This was accompanied by a decrease in the number of YM-1-positive, M2 macrophages in advanced plaques of gal-3 −/− mice. In vitro oxidized LDL increased NO and arginase-1 activity, suggesting that serum phospholipids can affect macrophage heterogeneity (Gordon 2007) . However, galectin-3 deletion reduced oxidized LDL-induced arginase-1 activity without affecting NO release, which could suggest additional affects of galectin-3 under conditions of high circulating cholesterol and could further explain the different effect of galectin-3 deletion in mice with normal cholesterol metabolism.
In humans, M2 macrophages predominate in diseased vs normal intima of carotid arteries, and patients with a predisposition toward an M2 phenotype may be more susceptible to atherosclerotic disease (Waldo et al. 2008) . However, the function of these M2 plaque macrophages is still unknown. Moreover, additional subsets of macrophages reside within the lipid core vs the stable cell-rich area of human carotid plaques (Bouhlel et al. 2007 ) which differentially regulate cholesterol efflux (Chinetti-Gbaguidi et al. 2011) . Therefore, although it may be over simplistic to implicate a single macrophage phenotype in the pathogenesis of atherosclerosis, our studies show galectin-3 deletion results in reduced M2 polarization within plaques accompanied by reduced disease in atherosclerosis-prone mice.
Galectin-3 is known to be a chemoattractant for monocytes and macrophages (Sano et al. 2000) . Therefore, it is possible that galectin-3 may facilitate plaque progression by augmenting monocyte recruitment. We show that galectin-3 stimulates human and mouse monocyte/macrophage chemotaxis in vitro. However, further in vivo studies are required to assess whether galectin-3 affects plaque monocyte recruitment/ egress.
Our studies show that when galectin-3 is deleted from the outset there is reduced plaque formation despite high serum cholesterol, and we would predict that strategies to block galectin-3 function may be advantageous in inhibiting plaque formation without adversely affecting plaque stability. To determine whether inhibiting galectin-3 function in established plaques could reduce plaque burden, we used modified citrus pectin (MCP), which is a naturally occurring pectin found in the peel and pulp of citrus fruits. In the United States, MCP is registered as a food supplement and is generally regarded as safe. MCP inhibits galectin-3 binding and function in vitro and in vivo (Pienta et al. 1995; Nangia-Makker et al. 2002; Liu et al. 2008; Glinsky and Raz 2009) . Recent evidence shows that MCP reduces renal fibrosis in vivo (KolatsiJoannou et al. 2011 ) and is being developed as an anti-cancer agent for prostate cancer (Guess et al. 2003) . We show that administration of 1% MCP in the drinking water to ApoE −/− mice for 4 weeks at the end of a 10-week high-cholesterol feeding regimen reduced plaque burden in the descending aorta compared with vehicle control. As MCP is a relatively nonspecific galectin-3 inhibitor, it is possible that it could reduce lesion size by off-target effects. This point will be clarified in future investigations by determining whether MCP inhibits lesion formation in galectin-3-deficient mice and by the use of more selective inhibitors.
In summary, we show that mice deficient in galectin-3 display a reversal of the iNOS to arginase switch within plaques, reduced M2 activation of plaque macrophages and reduced atherosclerosis in vivo. We have previously demonstrated that galectin-3 inhibitors reduce M2 alternative macrophage activation (MacKinnon et al. 2008 (MacKinnon et al. , 2012 . Strategies to inhibit galectin-3 function may reduce plaque progression and potentially represent a novel therapeutic strategy in the treatment of atherosclerotic disease.
Materials and methods
Animals and treatments
Gal-3
−/− C57/Bl6 mice generated by gene-targeting technology were used to generate ApoE-deficient/ galectin-3-deficient mice. C57/Bl6 mice and ApoE-deficient C57/Bl6 mice (ApoE ) were generated by F1 intercross. ApoE −/− / gal-3 +/+ littermates were used as comparison. All the mice were given free access to water and standard commercial mouse diet (Special Diet Services, Witham, Essex, UK), and maintained under a 12 h light/dark cycle. From age 10-12 weeks, the mice were given western diet containing 21% milk fat and 0.15% cholesterol (Research Diets, Inc., New Brunswick, NJ), for 6, 12 or 20 weeks. Body weight and food intake were recorded weekly. At various timepoints, 6-8 mice from each strain were euthanized by terminal anesthesia, and blood samples were obtained from the right ventricle. The mice were then perfusion fixed with Methyl Carnoy's solution (6 methanol: 3 chloroform: 1 acetic acid) through cardiac puncture. The entire aortic tree including the heart was dissected free of fat and other tissues, and fixed in Methyl Carnoy's fixative solution. MCP was purchased from Allergy Research Group (allergyresearchgroup.com) and prepared as a 1% solution in the drinking water and replaced every 2 days. Analyses were performed by an operator blinded to origin of the samples.
Assessment of atherosclerotic lesions
Lipid-rich atherosclerotic plaques of the entire descending thoracic aorta were stained with oil red-O as per the manufacturer's instructions and plaque coverage of the intimal surface was calculated as a percentage of the total vessel surface area using ImageJ.
Quantification of lesions in the aortic arch was achieved using optical projection tomography (OPT), as described (Kirkby et al. 2011) . This method allows calculation of a volume for the entire lesion. Briefly, aortic arches were isolated and embedded in 1.5% low melting point agarose (Invitrogen, UK), dehydrated in methanol (100%; 24 h) and optically cleared in benzyl alcohol:benzyl benzoate (1:2 v/v; 24 h). Images were generated using a Bioptonics 3001 OPT tomograph. Studies used emission imaging, after UV illumination (425 nm excitation filter with 40 nm band pass; 475 nm long passemission filter; 1.048 Mpixel scanning resolution). Magnification was chosen to provide the smallest voxel size that allowed imaging of the whole region of interest. Raw data (400 projections per scan at 0.9°increments) were subjected to Hamming-filtered back-projection using the NRecon software (Skyscan, Belgium). Quantification was performed using the CTan software (Skyscan). Briefly, lesion and lumen volumes were segmented by semi-automated tracing of the internal elastic lamina and subsequent gray-level thresholding to distinguish atheroma from lumen. The lesion volume was presented as a percentage of the total area within the internal elastic lamina.
Histology. The brachiocephalic trunk was fixed in Methyl Carnoy's solution, embedded in paraffin and 6-µm-thick sections, taken from the bifurcation, were stained with Harris hematoxylin and eosin (H&E) for histological analysis and Masson's trichrome for collagen fiber analysis (Deuchar et al. 2011) . Lipid (or necrotic) core was positively identified as intra-plaque areas showing no staining in Masson's stained sections, as these are regarded as areas previously containing lipids before the fixing procedure (Johnson et al. 2005) . Positively identified areas were measured by color deconvolution using Photoshop CS6. For immunohistochemistry, the following primary antibodies were used: Rat anti-mouse F4/80 clone CI: A3-1 (Serotec, Oxford, UK) and rabbit anti-YM-1 (stem cell technologies). Following labeling with secondary, biotinylated, species-specific antibodies (Dako), positive staining was visualized using Vectastain Elite RTU reagent and liquid diaminobenzamine (DAB). Sections were counterstained with Mayer's hematoxylin and mounted with pertex. To assess macrophage infiltration (F4/80-positive cells) and alternative macrophages (YM-1 positive cells), digital images of the sections were captured using the openlab software. Nonoverlapping fields at ×400 magnification were analyzed in a blinded fashion. Data were expressed as the mean score ±SE per 5 high power fields. YM-1-positive cells were counted as total number of YM-1-positive cells per plaque and as a percentage of the number of foam cells. For dual immunofluorescence studies, sections were labeled with F4/80 followed by horseradish peroxidase-labeled goat anti-rat IgG (Dako) and tyramide green reagent, as per the manufacturer's instructions (Perkin Elmer). Then, following 10 min microwaving with 10 mM citrate (pH 6.0), slides were incubated sequentially with rabbit anti-YM-1 and donkey anti-rabbit Alexa 555 (Life Technologies, UK). Slides were mounted in Fluoromount-G.
Blood lipid profile
Serum cholesterol, triglycerides and free fatty acids were measured by standard enzymatic colorimetric assay kits from Alpha Laboratories, UK.
Cell culture. THP-1 cells were obtained from the American Tissue Culture Collection (Rockville, MD) and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). Cells were differentiated with 100 ng/mL PMA for 24 h.
Preparation of BMDMs. Mouse bone marrow-derived macrophages (BMDMs) were prepared by flushing femurs and tibias and maturing resulting bone marrow cells in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS and 20% L929 conditioned media for 7-9 days (MacKinnon et al. 2008 ).
Uptake of acetylated LDL. BMDMs were serum starved for 24 h and then incubated in DMEM containing 50 µg/mL acetylated LDL labeled with 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (Dio-AC-LDL; Bioquote Limited, UK) for 4 or 48 h. The cells were washed with phosphate buffered saline and stained with allophycocyanin (APC)-labeled F4/80 monoclonal antibody (AbD Serotec, UK) for 30 min and analyzed by flow cytometry (Facscaliber, Becton Dickinson, Oxford, UK).
Chemotaxis assay. BMDMs or the human macrophage cell line THP1 were seeded into the upper chambers of 8 μm pore size modified Boyden chambers as per the manufacturer's instructions (CytoSelect 24-well migration assay, Cambridge Biosciences, UK). Recombinant human or mouse galectin-3 (R&D Systems, UK) or 10 nM N-fMLP was added to the lower chamber and cells were allowed to migrate for 2 h at 37°C. Cells remaining in the upper chamber were wiped with a cotton tip and cells attached to the underside of the membrane were fixed and stained and eluted as per the manufacturer's instructions. Chemotaxis is expressed as a percentage of an unwiped control.
Assessment of macrophage phenotype
BMDMs were polarized to an M1 or M2 phenotype by treatment of serum-starved BMDMs for 24 h with 1 μg/mL lipopolysaccharide (M1) or 10 ng/mL IL-4 (M2). M1 activation Inhibition of galectin-3 reduces atherosclerosis was measured by nitrite release using the Griess reaction (Sigma-Aldrich, UK). M2 activation was measured by arginase activity assessed by the production of urea generated by the arginase-dependent hydrolysis of L-arginine as previously described (MacKinnon et al. 2008 ).
Transcript analysis
Total RNA from cultured macrophages and the left common carotid artery was extracted using an RNeasy kit (Quiagen) and reverse transcribed into cDNA using random hexamers (Applied Biosystems). A SYBR green-based quantitative fluorescence method (Applied Biosystems) was used for analysis of gene expression (MacKinnon et al. 2008) . The following primers were used: Mouse β-actin: Forward 5′-AG AGGGAAATCGTGCGTGAC-3′, reverse5′-CAATAGTGATG ACCTGGCCGT-3′, mouse arginase-1: Forward 5′-TTGGGT GGATGCTCACACTG-3′, reverse 5′-TTGCCCATGCAGATT CCC-3′; mouse iNOS: Forward 5′-CAGCTGGGCTGTACAA ACCTT-3′, reverse 5′-CATTGGAAGTGAAGCGTTTCG-3′.
The data were expressed as mean ± SE of the mean. Statistical significance was evaluated by one-way ANOVA followed by the Student-Newman-Keuls test for multiple comparisons. P-value <0.05 was considered significant.
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